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THREE-DIMENSIONAL FIBROUS
SCAFFOLDS FOR CELL CULTURE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the priority benefit of U.S. Pro-
visional Patent Application Ser. No. 61/602,337 filed on Feb.
23, 2012 and U.S. Provisional Patent Application Ser. No.
61/723,922 filed on Nov. 8, 2012.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
Contract No. RO1CA152005 Awarded by the National Insti-
tutes of Health and Contract No. N00014-10-1-0854
awarded by the Office of Naval Research. The U.S. Gov-
ernment has certain rights in this invention.

BACKGROUND OF THE INVENTION

1) Field of the Invention

The invention described herein relates to the field of
three-dimensional cell culture scaffolds.

2) Description of Related Art

Three dimensional (3D) cultures provide innovative
approaches to study processes that contribute to tumorigen-
esis because they recapitulate cancer cells in their native in
vivo environment. The majority of the supporting data that
posits the importance of tumorigenesis has been obtained
using two dimensional (2D) cell culture systems. Cells in 2D
are subjected to unnatural mechanical and geometric con-
straints that do not represent the three dimensional (3D)
milieu of a tumor. The complex interplay between biochemi-
cal, and mechanical properties may be undermined or com-
promised in 2D cultures and may affect many important
functions such as gene and protein expression. Consider-
ations on the mechanical, biochemical and physical proper-
ties of any 3D system, aim to mimic the native ECM. One
of the major advantages is the potential for rapid experi-
mental manipulation achieved by controlling these param-
eters that can permit development of sophisticated cancer
models. Tailored 3D cell culture scaffolds combining rel-
evant platforms with multiple bio-functionalities will allow
for the specific induction of signal transduction pathways,
the sorting of different cell types, or the control of cancer cell
differentiation. Combination of existing 3D systems that
impart separate yet important characteristics that preserve
structural and functional in vivo-like complexity to the
whole will increase the sophistication of these 3D models.
Presently, there exist a significant need for more realistic
tumor models to study tumorigenesis and the effective
screening of anticancer drugs.

The most commonly used 3D model are spheroids that are
used for a variety of experimental studies in chemotherapy
and radiotherapy and are being pursued in high throughput
screening (HTS) programs for drug development, candidate
efficacy and safety. Spheroids impart functional and mass
transport properties similar to those observed in microme-
tastases or poorly vascularized regions in solid tumors.
[Hirschhaeuser F, et al., Multicellular tumor spheroids: An
underestimated tool is catching up again. Journal of bio-
technology. 2010; 148:3-15.] These features combined with
the complexities of cell-cell and cell-matrix interactions,
affect the uptake, penetration, distribution and bioactivity of
therapeutic drugs. They are simple 3D structures that can be
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2

generated from a wide range of cell types, and form due to
the tendency of adherent cells to aggregate and are typically
created from single or co-culture techniques such as hanging
drop, rotating culture or conclave plate methods to name a
few. [Pampaloni F, et al., The third dimension bridges the
gap between cell culture and live tissue. Nature Reviews
Molecular Cell Biology. 2007; 8:839-45; Timmins N E, et
al., Method for the generation and cultivation of functional
three-dimensional mammary constructs without exogenous
extracellular matrix. Cell and tissue research. 2005; 320:
207-10; Castaneda F, and Kinne R K H. Short exposure to
millimolar concentrations of ethanol induces apoptotic cell
death in multicellular HepG2 spheroids. Journal of cancer
research and clinical oncology. 2000; 126:305-10.]

The inherent limitation of this model is that it is entirely
cell based and do not represent the mechanical features of
the ECM as a whole. To address this issue various substrates
or scaffolds derived from biological, natural or synthetic
sources have been used to form hydrogels, films, fibers,
micromolded structures in microfluidic devices, and micro-
chips in the construction of spheroids. For example, hepato-
cytes self-assemble to form spheroids on scaffolds made
from alginate, hyaluronic acid, peptide scaffolds, and galac-
tosylated meshes. [Gurski L A, et al., Hyaluronic acid-based
hydrogels as 3D matrices for in vitro evaluation of chemo-
therapeutic drugs using poorly adherent prostate cancer cells
(vol 30, pg 6076, 2009). Biomaterials. 2010; 31:4248;
Elkayam T, et al., Enhancing the drug metabolism activities
of C3A-A human hepatocyte cell line—By tissue engineer-
ing within alginate scaffolds. Tissue engineering. 2006;
12:1357-68; Shin ] Y, et al. Efficient formation of cell
spheroids using polymer nanofibers. Biotechnology letters.
2012; 34:795-803; Wang D D, et al. Thermoreversible
Hydrogel for In Situ Generation and Release of HepG2
Spheroids. Biomacromolecules. 2011; 12:578-84; Chung T
W, et al. Preparation of alginate/galactosylated chitosan
scaffold for hepatocyte attachment. Biomaterials. 2002;
23:2827-34; Ivascu A, and Kubbies M. Diversity of cell-
mediated adhesions in breast cancer spheroids. International
journal of oncology. 2007; 31:1403-13; Horning J L, et al.
3-D tumor model for in vitro evaluation of anticancer drugs.
Molecular pharmaceutics. 2008; 5:849-62; Semino C E, et
al., Functional differentiation of hepatocyte-like spheroid
structures from putative liver progenitor cells in three-
dimensional peptide scaffolds. Differentiation; research in
biological diversity. 2003; 71:262-70; Chua K N, et al.,
Stable immobilization of rat hepatocyte spheroids on galac-
tosylated nanofiber scaffold. Biomaterials. 2005; 26:2537-
47.]

Incorporation of spheroids into synthetic 3D polymeric
scaffolds has been used as a model for screening anticancer
drugs. [Ho W J, et al. Incorporation of multicellular spher-
oids into 3-D polymeric scaffolds provides an improved
tumor model for screening anticancer drugs. Cancer science.
2010; 101:2637-43.] These scaffolds provide support for the
spheroids thereby mimicking the physical interaction of the
tumor with the topographical features of the native ECM, as
for example, between the tumor and the basement mem-
brane.

The interaction of mammalian cells with sub cellular
topography has proven to be an important signaling modal-
ity in controlling cell function via mechanotransductive
cues. The tumor microenvironment consisting of tumor cells
and corresponding stroma intimately associate with the
physical structures of the ECM during all stages of tumori-
genesis. Synthetic substrate topography has been shown to
influence cell migration, differentiation, and gene expres-
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sion. For example, SAL/N cancer fibroblasts cultured on
micropatterned PDMS and C6 glioma cells cultured on
polystyrene periodic structures exhibit differences in mor-
phology, proliferation and migration in response to various
topographical cues. [Tzvetkova-Chevolleau T, et al., The
motility of normal and cancer cells in response to the
combined influence of the substrate rigidity and anisotropic
microstructure. Biomaterials. 2008; 29:1541-51; Wang X F,
et al., Influence of physicochemical properties of laser-
modified polystyrene on bovine serum albumin adsorption
and rat C6 glioma cell behavior. Journal of Biomedical
Materials Research Part A. 2006; 78A:746-54.]

Electrospinning is a versatile technique used to produce
polymeric fibrous scaffolds for cell culture applications. It
allows for the preparation of unique matrices of aligned or
non-woven meshes containing nano to micrometer sized
fibers using diverse materials and fabrication techniques.
[Zanatta G, et al., Viability of mesenchymal stem cells
during electrospinning Brazilian journal of medical and
biological research=Revista brasileira de pesquisas medicas
e biologicas/Sociedade Brasileira de Biofisica [et al]. 2012;
45:125-30; Zanatta G, et al., Mesenchymal stem cell adher-
ence on poly(D, L-lactide-co-glycolide) nanofibers scaffold
is integrin-beta 1 receptor dependent. Journal of biomedical
nanotechnology. 2012; 8:211-8; Yu D G, et al., Modified
coaxial electrospinning for the preparation of high-quality
ketoprofen-loaded cellulose acetate nanofibers. Carbohy-
drate polymers. 2012; 90:1016-23; Tsai S W, et al. MG63
osteoblast-like cells exhibit different behavior when grown
on electrospun collagen matrix versus electrospun gelatin
matrix. PloS one. 2012; 7:€31200; Sundaramurthi D, et al.,
Electrospun nanostructured chitosan-poly(vinyl alcohol)
scaffolds: a biomimetic extracellular matrix as dermal sub-
stitute. Biomedical materials. 2012; 7:045005; Samavedi S,
et al.; Response of bone marrow stromal cells to graded
co-electrospun scaffolds and its implications for engineering
the ligament-bone interface. Biomaterials. 2012; Meinel A J,
et al., Electrospun matrices for localized drug delivery:
current technologies and selected biomedical applications.
European journal of pharmaceutics and biopharmaceutics:
official journal of Arbeitsgemeinschaft fur Pharmazeutische
Verfahrenstechnik eV. 2012; 81:1-13.] Studies have shown
that modified electrospun scaffolds simulate favorable func-
tional responses in cancer cells [Agudelo-Garcia P A, et al.,
Glioma Cell Migration on Three-dimensional Nanofiber
Scaffolds Is Regulated by Substrate Topography and Abol-
ished by Inhibition of STAT3 Signaling. Neoplasia. 2011;
13:831-U96; Johnson I, et al., Quantitative Analysis of
Complex Glioma Cell Migration on Electrospun Polycapro-
lactone Using Time-Lapse Microscopy. Tissue Engineering
Part C-Methods. 2009; 15:531-40; Xie J W, and Wang C H.
Electrospun micro- and nanofibers for sustained delivery of
paclitaxel to treat C6 glioma in vitro. Pharmaceutical
research. 2006; 23:1817-26.]

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a scanning electron micrograph (SEM) of
naked unmodified scaffold and 3P scaffold. Scaffolds consist
of fibers arranged as randomly aligned mats.

FIG. 2 (A-B) shows an FTIR of the 3P scaffold (A). The
peak at 1760 cm™" can be assigned to the carbonyl group of
PLA 1087 and the peak at 1184 cm™" can be assigned to the
—C—O—C bond of mPEG, PLA and PLGA. FIG. 2B
shows a 'H NMR of the 3P scaffold which confirms that
PLA was copolymerized with mPEG. The integral of the
signal at 3.3 ppm is attributed to the three equivalent
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4

hydrogen atoms of the methyl group on mPEG-OH and used
as the internal standard. The molecular weight of the PLA
block is 23.1 kDa.

FIG. 3 shows the swelling volume ratio (SWR) of FMN
(3P), CFMN (3PC), and naked scaffolds as measured after
the scaffolds were immersed in water for 24 hours and were
considered to have reached the equilibrium of water uptake.
The SWR indicates the hydrophilic potential of the scaf-
folds.

FIG. 4 (A-B) includes graphs showing (A) the average
size of LL.C spheroids grown on the 3P scaffold (n=10) from
day 2 to day 20 and (B) the average number of spheroids per
scaffold. Spheroids that were placed in 96 well plates grew
on 3P scaffolds of average size 5 mm?. Confocal images of
a 20 day spheroid showed the inner necrotic core surrounded
by a tight layer of proliferating cells (data not shown).

FIG. 5 (A-B) shows that the 3P scaffold induces spheroid
formation and EMT. The figure shows flourescent images of
LLC cells cultured on monolayer, PLGA, and 3P scaffolds
immunostained with E-cadherin and vimentin antibodies
and Dapi. Cells were cultured for three days then stained for
markers. Spheroids stained positive for the mesynchymal
marker vimentin and negative for the epithelial marker
E-cadherin while cells on the monolayer and PLGA scaffold
maintained epithelial marker expressions.

FIG. 6 (A-C) shows the dose dependent cytotoxic
response of MCF-7 cells to inhibitors doxorubicin (A), LY
294002 (B), and U0126 (C). The IC50 of each inhibitor is
shown after administration to MCF-7 cells cultured on the
3P scaffold. MCF cells (7x10%) were cultured on monolayer
and 3P scaffold for 7 days then treated with different
concentration of LY294002 and U0126 for 48 hours. Cells
were stained with calcein/am and ethydium bromide then
counted. Mean percentage of live cells (+/-SEM) were
plotted as a function of drug concentration on and represents
4 replicates in 3 separate experiments. Box data points
indicate monolayer and diamond data points indicate 3P
scaffold.

FIG. 7 (A-B) provides graphs showing the comparison of
EMT gene expression associated with 3D vs. 2D culture.
Gene expression differences in cells cultured on 3P scaffold
vs. monolayer and 3P scaffold vs. PLGA at 48 hours culture.
Shown are a selected group of genes that showed a greater
than one-fold difference in differentiation and development
(A) and cell growth and proliferation (B).

FIG. 8 (A-B) provides graphs showing the comparison of
EMT gene expression associated with 3D vs. 2D culture.
Gene expression differences in cells cultured on 3P scaffold
vs. monolayer and 3P scaffold vs. PLGA at 48 hours culture.
Shown are a selected group of genes that showed a greater
than one-fold difference in extracellular matrix and cell
adhesion (A) and signaling pathways (B).

FIG. 9 provides a graph showing EMT gene expression
associate with growth of tumor spheroids on 3P scaffold
versus monolayer after 2 days.

FIG. 10 provides a graph showing EMT gene expression
associate with growth of tumor spheroids on 3P scaffold
versus PLGA after 2 days.

FIG. 11 provides a graph showing EMT gene expression
associate with growth of tumor spheroids on 3P scaffold
versus monolayer after 3 days.

FIG. 12 provides a graph showing EMT gene expression
associate with growth of tumor spheroids on 3P scaffold
versus PLGA after 3 days.

DETAILED DESCRIPTION OF THE
INVENTION

Provided herein is a three-dimensional scaffold composi-
tion comprising randomly oriented fibers, wherein the fibers
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each comprise a polyethylene glycol-polylactic acid block
copolymer (PEG-PLA) and a poly(lactic-co-glycolic acid)
(PLGA). Also provided are methods for using the three-
dimensional scaffolds described herein. Term definitions
used in the specification and claims are as follows:

DEFINITIONS

As used in the specification and claims, the singular forms
a,” “an” and “the” include plural references unless the
context clearly dictates otherwise. For example, the term “a
cell” includes a plurality of cells, including mixtures thereof.

The term “active derivative” and the like means a modi-
fied PEG-PLA or PLGA composition that retains an ability
to form a three-dimensional scaffold composition that can be
used to grow cancer cell spheroids. Assays for testing the
ability of an active derivative to perform in this fashion are
provided herein.

When referring to a subject or patient, the term “admin-
istering” refers to an administration that is oral, topical,
intravenous, subcutaneous, transcutaneous, transdermal,
intramuscular, intra-joint, parenteral, intra-arteriole, intrad-
ermal, intraventricular, intracranial, intraperitoneal, intral-
esional, intranasal, rectal, vaginal, by inhalation or via an
implanted reservoir. The term “parenteral” includes subcu-
taneous, intravenous, intramuscular, intra-articular, intra-
peritoneal, intra-synovial, intrasternal, intrathecal, intrahe-
patic, intralesional, and intracranial injections or infusion
techniques.

As used herein, the terms “cancer,” “cancer cells,” “neo-
plastic cells,” “neoplasia,” “tumor,” and “tumor cells” (used
interchangeably) refer to cells which exhibit relatively
autonomous growth so that they exhibit an aberrant growth
phenotype characterized by a significant loss of control of
cell proliferation (i.e., de-regulated cell division). Neoplastic
cells can be malignant or benign. A metastatic cell or tissue
means that the cell can invade and destroy neighboring body
structures. The cancer can be selected from astrocytoma,
adrenocortical carcinoma, appendix cancer, basal cell car-
cinoma, bile duct cancer, bladder cancer, bone cancer, brain
cancer, brain stem glioma, breast cancer, cervical cancer,
colon cancer, colorectal cancer, cutaneous T-cell lymphoma,
ductal cancer, endometrial cancer, ependymoma, Ewing
sarcoma, esophageal cancer, eye cancer, gallbladder cancer,
gastric cancer, gastrointestinal cancer, germ cell tumor,
glioma, hepatocellular cancer, histiocytosis, Hodgkin lym-
phoma, hypopharyngeal cancer, intraocular melanoma,
Kaposi sarcoma, kidney cancer, laryngeal cancer, leukemia,
liver cancer, lung cancer, lymphoma, macroglobulinemia,
melanoma, mesothelioma, mouth cancer, multiple myeloma,
nasopharyngeal cancer, neuroblastoma, non-Hodgkin lym-
phoma, osteosarcoma, ovarian cancer, pancreatic cancet,
parathyroid cancer, penile cancer, pharyngeal cancer, pitu-
itary cancer, prostate cancer, rectal cancer, renal cell cancer,
retinoblastoma, rhabdomyosarcoma, sarcoma, skin cancer,
small cell lung cancer, small intestine cancer, squamous cell
carcinoma, stomach cancer, T-cell lymphoma, testicular
cancer, throat cancer, thymoma, thyroid cancer, trophoblas-
tic tumor, urethral cancer, uterine cancer, uterine sarcoma,
vaginal cancer, vulvar cancer and Wilms tumor. In some
embodiments, the cancer is prostate cancer.

As used herein, a “cancer cell spheroid” refers to an
aggregate of cancer cells.

The terms “cell,” “cell line,” and “cell culture” include
progeny. It is also understood that all progeny may not be
precisely identical in DNA content due to deliberate or
inadvertent mutations. Variant progeny that have the same
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function or biological property, as screened for in the
originally transformed cell, are included. The “host cells”
used in the present invention generally are prokaryotic or
eukaryotic hosts.

The term “chitosan” refers to a linear polysaccharide
composed of randomly distributed [-(1-4)-linked D-glu-
cosamine (deacetylated unit) and N-acetyl-D-glucosamine
(acetylated unit). On average, the molecular weight of
commercially produced chitosan is between 3,800 and
20,000 Daltons. In some embodiments, the chitosan has a
molecular weight of approximately 3-12 kDa. In one
embodiment the chitosan is water soluble and has a molecu-
lar weight of approximately 10 kDa.

It should be understood that the term “coating” does not
require a complete coverage of the coated object and that
partial coverage is encompassed by the term.

As used herein, the term “comprising” is intended to mean
that the compositions and methods include the recited ele-
ments, but not excluding others. “Consisting essentially of”
when used to define compositions and methods, shall mean
excluding other elements of any essential significance to the
combination. Thus, a composition consisting essentially of
the elements as defined herein would not exclude trace
contaminants from the isolation and purification method and
pharmaceutically acceptable carriers, such as phosphate
buffered saline, preservatives, and the like. “Consisting of”
shall mean excluding more than trace elements of other
ingredients and substantial method steps for administering
the compositions of this invention. Embodiments defined by
each of these transition terms are within the scope of this
invention.

An “effective amount” is an amount sufficient to effect
beneficial or desired results. An effective amount can be
administered in one or more administrations, applications, or
dosages.

The term “fibrous scaffold” refers herein to a three dimen-
sional structure formed by randomly oriented fibers. In some
embodiments, electrospining methods are used to achieve
the randomly oriented fiber construction.

The term “isolated” means separated from constituents,
cellular and otherwise, in which the polynucleotide, peptide,
polypeptide, protein, antibody, or fragments thereof are
normally associated with in nature. In one aspect of this
invention, an isolated polynucleotide is separated from the 3'
and 5' contiguous nucleotides with which it is normally
associated with in its native or natural environment, e.g., on
the chromosome. As is apparent to those of skill in the art,
a non-naturally occurring polynucleotide, peptide, polypep-
tide, protein, or antibody, or fragments thereof, does not
require “isolation” to distinguish it from its naturally occur-
ring counterpart. In addition, a “concentrated,” “separated,”
or “diluted” polynucleotide, peptide, polypeptide, protein, or
antibody, or fragments thereof, is distinguishable from its
naturally occurring counterpart in that the concentration or
number of molecules per volume is greater than “concen-
trated” or less than “separated” than that of its naturally
occurring counterpart. A polynucleotide, peptide, polypep-
tide, protein, or antibody, or fragments thereof, which differs
from the naturally occurring counterpart in its primary
sequence or for example, by its glycosylation pattern, need
not be present in its isolated form since it is distinguishable
from its naturally occurring counterpart by its primary
sequence, or alternatively, by another characteristic such as
glycosylation pattern. Although not explicitly stated for each
of the inventions disclosed herein, it is to be understood that
all of the above embodiments for each of the compositions
disclosed below and under the appropriate conditions are
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provided by this invention. Thus, a non-naturally occurring
polynucleotide is provided as a separate embodiment from
the isolated naturally occurring polynucleotide. A protein
produced in a bacterial cell is provided as a separate embodi-
ment from the naturally occurring protein isolated from a
eukaryotic cell in which it is produced in nature.

“Mammal” for purposes of treatment refers to any animal
classified as a mammal, including human, domestic and
farm animals, nonhuman primates, and zoo, sports, or pet
animals, such as dogs, horses, cats, cows, etc.

The term “particulate” refers to powders, granular sub-
stances, and the like.

A “pharmaceutical composition” is intended to include
the combination of an active agent with a carrier, inert or
active, making the composition suitable for diagnostic or
therapeutic use in vitro, in vivo or ex vivo.

The term “pharmaceutically acceptable carrier or excipi-
ent” means a carrier or excipient that is useful in preparing
a pharmaceutical composition that is generally safe, non-
toxic and neither biologically nor otherwise undesirable and
includes a carrier or excipient that is acceptable for veteri-
nary use as well as human pharmaceutical use. A “pharma-
ceutically acceptable carrier or excipient” as used in the
specification and claims includes both one and more than
one such carrier or excipient. As used herein, the term
“pharmaceutically acceptable carrier” encompasses any of
the standard pharmaceutical carriers, such as a phosphate
buffered saline solution, water, emulsions, such as an oil/
water or water/oil emulsion, and various types of wetting
agents. The compositions also can include stabilizers and
preservatives.

The term “pharmaceutically acceptable salts” refers to
any acid or base addition salt whose counter-ions are non-
toxic to the subject to which they are administered in
pharmaceutical doses of the salts.

The terms “pharmaceutically effective amount,” “thera-
peutically effective amount,” or “therapeutically effective
dose” refer to the amount of a compound that will elicit the
biological or medical response of a tissue, system, animal, or
human that is being sought by the researcher, veterinarian,
medical doctor or other clinician.

The term “PLGA” refers to poly(lactic-co-glycolic acid)
that is synthesized by means of random ring-opening co-
polymerization of two different monomers, the cyclic dimers
(1,4-dioxane-2,5-diones) of glycolic acid and lactic acid.
Depending on the ratio of lactide to glycolide used for the
polymerization, different forms of PLGA can be obtained:
these are usually identified in regard to the monomers’ ratio
used (e.g. PLGA 75:25 identifies a copolymer whose com-
position is 75% lactic acid and 25% glycolic acid).

The terms “controlled release,” ‘“sustained release,”
“extended release,” and “timed release” are intended to refer
interchangeably to any drug-containing formulation in
which release of the drug is not immediate, i.e., with a
“controlled release” formulation, oral administration does
not result in immediate release of the drug into an absorption
pool.

A “subject,” “individual,” or “patient,” used interchange-
ably herein, refers to a vertebrate, preferably a mammal,
more preferably a human. Mammals include, but are not
limited to, murines, simians, humans, farm animals, sport
animals, and pets.

The term “therapeutically effective amount™ includes that
amount of a compound that, when administered, is sufficient
to prevent development of, or alleviate to some extent one
or more of the symptoms of, the condition or disorder being
treated. The therapeutically effective amount will vary
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depending on the compound, the disorder or conditions and
their severity, the route of administration, time of adminis-
tration, rate of excretion, drug combination, judgment of the
treating physician, dosage form, and the age, weight, general
health, sex and/or diet of the subject to be treated.

The terms “treat,” “treating,” “treatment,” and grammati-
cal variations thereof as used herein, include partially or
completely delaying, alleviating, mitigating or reducing the
intensity of one or more attendant symptoms of a disorder or
condition and/or alleviating, mitigating or impeding one or
more causes of a disorder or condition. Treatments accord-
ing to the invention may be applied preventively, prophy-
lactically, pallatively or remedially.

Using these terms and definitions, provided herein is a
three-dimensional scaffold composition comprising ran-
domly oriented fibers, wherein the fibers comprise a poly-
ethylene glycol-polylactic acid block copolymer (PEG-
PLA) and a poly(lactic-co-glycolic acid) (PLGA).

The chemical structure of PEG is H—(O—CH,—
CH,),—OH. PEG is also known as polyethylene oxide
(PEO) or polyoxyethylene (POE), depending on its molecu-
lar weight. PEG usually refers to oligomers and polymers
with a molecular mass below 20,000 g/mol. PEGs are
prepared by polymerization of ethylene oxide and are com-
mercially available over a wide range of molecular weights
from 300 g/mol to 10,000,000 g/mol. Different forms of
PEG are also available, depending on the initiator used for
the polymerization process—the most common initiator is a
monofunctional methyl ether PEG, or methoxypoly(ethyl-
ene glycol), abbreviated mPEG. Lower-molecular-weight
PEGs are also available as purer oligomers, referred to as
monodisperse, uniform, or discrete. In some embodiments,
the PEG used to prepare the 3P and 3PC scaffolds described
herein is a monomethoxy glycol (mPEG) having a molecular
weight between approximately 0.5 and 20 kDa. Included
herein are embodiments wherein the molecular weight of the
PEG or mPEG is approximately 0.5, 1, 2,3, 4, 5,6,7,8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 kDa. In one
embodiment, the molecular weight of PEG is approximately
2 kDa.

Polylactic acid or polylactide (PLA) ((C;H,0,),) is a
thermoplastic aliphatic polyester derived from renewable
resources, such as corn starch, tapioca roots, chips or starch,
or sugarcane. Polymerization of a racemic mixture of [.- and
D-lactides usually leads to the synthesis of poly-DL-lactide
(PDLLA), which is amorphous. Use of stereospecific cata-
lysts can lead to heterotactic PLLA which has been found to
show crystallinity. The degree of crystallinity, and hence
many important properties, is largely controlled by the ratio
of D to L enantiomers used, and to a lesser extent on the type
of catalyst used. Due to the chiral nature of lactic acid,
several distinct forms of polylactide exist: poly-L-lactide
(PLLA) is the product resulting from polymerization of
L,L-lactide (also known as L-lactide). PLLA has a crystal-
linity of around 37%, a glass transition temperature between
60-65° C., a melting temperature between 173-178° C. and
a tensile modulus between 2.7-16 Gpa. Accordingly, the 3P
and 3PC scaffolds provided herein can comprise a PLA
composition having only D-enantiomers, only L-enantiom-
ers or a mixture of D- and L-enantiomers. In some embodi-
ments, the PLLA composition used to prepare the 3P or 3PC
composition contains a racemic mixture of D- and
L-enantiomers.

PLGA is synthesized by means of random ring-opening
co-polymerization of two different monomers, the cyclic
dimers (1,4-dioxane-2,5-diones) of glycolic acid and lactic
acid. Common catalysts used in the preparation of this
polymer include tin(Il) 2-ethylhexanoate, tin(1l) alkoxides,
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or aluminum isopropoxide. During polymerization, succes-
sive monomeric units (of glycolic or lactic acid) are linked
together in PLGA by ester linkages, thus yielding a linear,
aliphatic polyester as a product. Depending on the ratio of
lactide to glycolide used for the polymerization, different
forms of PLGA can be obtained: these are usually identified
in regard to the monomers’ ratio used (e.g. PLGA 75:25
identifies a copolymer whose composition is 75% lactic acid
and 25% glycolic acid). In one embodiment, the PLGA
contains approximately 85% lactic acid and 15% glycolic
acid. Also included herein are embodiments, where the lactic
acid:glycolic ratio of PLGA is approximately 75:25, 80:20,
85:15, 90:10, and 95:5.

In some embodiments, the 3P scaffold is composed pre-
dominantly of poly(lactide-co-glycolide) (PLGA) random
copolymer and a poly-lactide-poly(ethylene glycol) (PLA-
PEG) block copolymer. In certain further embodiments, the
3P scaffold also comprises chitosan. The chitosan can be
coated onto the 3P scaffold. Chitosan coated scaffolds are
referred to herein as 3PC scaffolds. The fiber polymer can be
constructed by open ring polymerization of mPEG and PLA
mixed with PLGA and electrospun. Both PLGA and PLA are
used extensively in electrospinning for tissue engineering
and drug delivery applications because they possess good
mechanical properties, controlled degradability, and excel-
lent biocompatibility [Zhou H, et al., Fabrication aspects of
PLA-CaP/PLGA-CaP composites for orthopedic applica-
tions: A review. Acta biomaterialia. 2012; 8:1999-2016; Xin
X 1, et al., Continuing differentiation of human mesenchy-
mal stem cells and induced chondrogenic and osteogenic
lineages in electrospun PLGA nanofiber scaffold. Biomate-
rials. 2007; 28:316-25; Kim K, et al. Incorporation and
controlled release of a hydrophilic antibiotic using poly
(lactide-co-glycolide)-based electrospun nanofibrous scaf-
folds. Journal of Controlled Release. 2004; 98:47-56.] PEG
is used to modify and enhance the hydrophilicity of the
fibers; in addition it is nontoxic and non-immunogenic.
PEG’s protein-resistant properties arise from imparted non-
ionic charges, and a high excluded volume which facilitate
steric repulsion thus minimizing the adsorption of proteins.
Typical methods for spheroid formation employ similar non
adherent surface modifications.

In some embodiments, the ratio of PEG-PLA to PLGA in
each scaffold fiber is approximately 1:4. In other embodi-
ments, the ratio of PEG-PLA to PLGA in each scaffold fiber
is approximately 1:10. In still other embodiments, the ratio
of PEG-PLA to PLGA in each scaffold fiber is approxi-
mately 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, 1:10 or 1:20.

The PEG-PLA and PLGA can be formed into fibers via
any method known to those of skill in the art. In some
embodiments, solutions of PEG-PLA and PLGA are elec-
trospun to form PEG-PLA-PLGA fibers. The scaffold fibers
can be electrospun at any voltage, flow rate, and distance
that provide for a fiber diameter between approximately 0.3
and 10 pm, or more preferably a fiber diameter between
approximately 0.69 to 4.18 um. In one embodiment, solu-
tions of PEG-PLA and PLGA are electrospun at a positive
voltage of 16 kV at a flow rate of 0.2 ml/hour and a distance
of 13 cm using a high voltage power supply. The fibers were
collected onto an aluminum covered copper plate at a fixed
distance of approximately 70 mm. The present invention
further includes a 3P or 3PC scaffold prepared by collecting
the electrospun fibers at a fixed distance between approxi-
mately 60 mm and 80 mm.

The resulting 3P or 3PC scaffold is a three-dimensional
fibrous scaffold having pores. In some embodiments, the
scaffold comprises pores having a diameter of less than
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approximately 20 um. In other embodiments, the 3P or 3PC
scaffold comprises pores having a diameter of less than
approximately 15, 10 or 5 um.

It is a surprising finding of the present invention that
cancer cells grown on the 3P scaffold form spheroids. The
examples below demonstrate an analysis of the effect of the
3P scaffold on cell proliferation, spheroid formation and
therapeutic drug efficacy. Using different cancer cell lines it
was determined that spheroid formation on the scaffold
induced epithelial mesenchymal transition (EMT) an embry-
onic program that reemerges during cancer metastasis. Sig-
nal transduction of EMT conversion was examined by the
use of pathway specific inhibitors and demonstrated that
these pathways were involved in spheroid formation and
EMT induction on the scaffold. Gene expression analysis
elucidated the molecular mechanisms and signaling path-
ways involved in the transition and identified key genes
associated with this process. The ability of the scaffold to
monitor pharmacological efficacy was also analyzed by
using known anti-tumor agents as control modulators of
EMT to abrogate growth and differentiation of cancer cells.
Accordingly, the examples demonstrate that the 3P scaffolds
described herein can be utilized as a platform to study
processes in tumorigenesis and can be used to evaluate
anti-cancer therapies as an intermediate decision-making
step in high throughput screening of drugs to treat cancer.

Accordingly, provided herein are methods for screening
pharmaceuticals for cancer treatment efficacy using the 3P
scaffolds. In these methods, the 3P scaffolds are seeded with
cancer cells, spheroids are allowed to form, and pharma-
ceuticals are administered to the cells in the scaffold for a
given period of time. Dead and live cancer cells are then
quantitated and the efficacy of the pharmaceutical for cancer
treatment is determined. Also provided herein are methods
for growing cancer cell spheroids, methods for tissue cul-
ture, methods for tissue regeneration, methods for treating
arthritis, and methods for wound therapy.

It should also be understood that the foregoing relates to
preferred embodiments of the present invention and that
numerous changes may be made therein without departing
from the scope of the invention. The invention is further
illustrated by the following examples, which are not to be
construed in any way as imposing limitations upon the scope
thereof. On the contrary, it is to be clearly understood that
resort may be had to various other embodiments, modifica-
tions, and equivalents thereof, which, after reading the
description herein, may suggest themselves to those skilled
in the art without departing from the spirit of the present
invention and/or the scope of the appended claims. All
patents, patent applications, and publications referenced
herein are incorporated by reference in their entirety for all

purposes.
EXAMPLES

Example 1

Preparation and Characterization of the 3P and 3PC
Scaffolds

The 3P scaffold was constructed by electrospinning the
co-block polymer mPEG/LLA and PLGA dissolved in appro-
priate organic solvents. A PLGA unmodified scaffold was
also constructed to compare the effects of the 3D environ-
ment. More specifically, methoxy PEG-PLA was prepared
by ring-opening polymerization. Briefly, 3,6-Dimethyl-1,4-
dioxane-2,5-dione (LA) (Fisher) was dried in a vacuum
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oven at 40° C. overnight. One gram mono-methoxy poly
(ethylene glycol) (mPEG) (MW 2000, Sigma) was added
into a 100 mL dried three-necked round-bottom flask and
stirred at 80° C. for 2 hours under vacuum. Four grams or 10
grams of dry LA monomer (to make the 3P 1:4 and 3P 1:10
scaffolds respectively) and 0.2 wt % stannous octoate (Sn
(Oct)2) (Sigma) were added to the flask under the protection
of argon gas. The mixture was dissolved in 20 ml anhydrous
toluene and heated at 140° C. under argon gas for 5 hours.
Solid products of the diblock copolymers were obtained by
addition of the polymer solution to ice cold diethyl ether.
The products were dissolved in dichloromethane and pre-
cipitated in cold diethyl ether twice, for purification. The
final copolymer was dried in a vacuum oven at 50° C. for 48
hours.

Poly(lactic co glycolic acid) (MW 50-70 kDa, 85:15,
Sigma) and the mPEG-PLA polymer described above were
then dissolved in a solution of dichloromethane and chlo-
roform (80/20 v/v). Briefly, 1.2 grams of PLGA and 0.3
grams of mPEG-PLA were used to construct the 3P scaffold.
The solutions were electrospun at a positive voltage of 16
kV at a flow rate of 0.2 ml/hour and a distance of 13 cm
using a high voltage power supply (Gamma High Voltage
research, USA). The fibers were collected onto an alu-
minium covered copper plate at a fixed distance of 70 mm.

In some embodiments, both mPEG and PLA were placed
under vacuum and dried (mPEG was dried at 800 C and PLLA
at 500° C.). Temperatures were maintained for at least 1 hour
to remove all moisture. To make the 1:10 (PEG:PLA)
concentration, add 0.5 mPEG and 5 grams of PLA to 20 ml
of Toluene and 10 pl of TEH. For the 1:4, 1 gram of mPEG
and 4 grams PLA were used. The mixture was stirred under
argon at 140° C. for 5 hours at room temperature. The
solution was allowed to cool to room temperature overnight.
The mPEG/PLA copolymer was precipitated using 60 ml of
diethyl ether that was cooled on ice. The mPEG/PLA
solution was added to the cold diethyl ether drop wise. The
solution turned from clear to cloudy. The solution was then
stirred on ice for 2.5 hours. The sticky precipitate that
formed at the bottom of the flask was then removed and
dissolved in 10 ml chloroform, then precipitated in ether.
This was repeated twice. The product was collected in a
glass vial and left to dry for at least two days in a vacuum
oven at 50° C. 1.375 grams of PLGA and 0.075 grams of the
1:10 mPEG-PLA polymer was added to 5 ml of a solution
of dichloromethane and chloroform (80:20 v/v). 0.3 gms of
PLGA and 1.2 grams of the 1:4 mPEG-PLA polymer was
added to 5 ml of a solution of dichloromethane and chlo-
roform (80:20 v/v). The solutions were allowed to repo-
lymerize for 3 days then electrospun at a positive voltage of
14 KV at a flow rate of 0.2 ml/hr.

In some embodiments, the 3P scaffold was deep coated
with chitosan (90% deacylation). More specifically, the 3P
scaffolds were cut into 8 mm? squares and sterililized by UV.
The 3P scaffolds were then deep coated by soaking over-
night in 0.1% Chitosan in 0.5% acetic acid solution. The
scaffolds were washed in PBS three times prior being used
for cell cultures. These chitosan-coated scaffolds are referred
to herein as 3PC, CMN or CFMN scaffolds. Each of these
designations refers to the 3PC scaffold.

The scaffolds provided good spatial interconnectivity
between cells, a high surface to volume ratio and good
porocity for fluid transport. The parameters that affect the
pore size, diameter and thickness of the scaffold included
voltage, needle collection distance and concentration of the
polymer in the solvent. Scanning electron microscopy
(SEM) of the 3P scaffold showed randomly aligned fibers
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that combine to form a highly porous mesh (FIG. 1). The
diameter of the fibers ranged from 0.69 to 4.18 um and
naked scaffold range from 0.61 to 4.95 um with pores of
mainly subcellular sizes (<10 um).

FTIR of the 3P scaffold showed strong absorption at 1760
cm™ assigned to —C—0 stretch of mPEG, PLA and PLGA
respectively. The stretch of the C—O—C band is shown at
1087 and 1184 cm™. The peaks at 2850 and 2950 represent
—CH, stretching (FIG. 2A). The FTIR of mPEG/PLA and
PLGA have similar characteristic peaks since they basically
have the same functional groups. The molecular weight of
the di-block copolymer was determined by 'H nuclear
magnetic resonance spectroscopy using the intensity of the
terminal methoxy proton signal of LA at Q 3.39 ppm. The
weight ratio of the repeated PEG-L A units was calculated to
be 7.08 from the integral values of characteristic peaks, and
the molecular weight was determined to be 23,100 Da.

The molecular weight of the diblock copolymer was
determined by 1H nuclear magnetic resonance spectroscopy
using the intensity of the terminal methoxy proton signal of
mPEG at Q 3.39 ppm. The weight ratio of the repeated
PEG-LA units was calculated to be from the integral values
of characteristic peaks. The 1H NMR confirmed that PLA
was copolymerized with mPEG as shown in FIG. 2B.

The swelling volume ratio (SWR) of MN (3P), CMN
(3PC) and naked scaffolds was measured after the scaffolds
were immersed in water for 24 hours and was considered to
reach the equilibrium of water uptake. The SWR indicates
the hydrophilic potential of the scaffolds. The results are
shown in FIG. 3.

Example 2

Formation and Growth of Spheroids on 3P
Scaffolds

All of MCF-7, MDA-MB, MCF-10A breast cancer, PC3
prostate cancer, B16 melanoma, BG-1 ovarian and LLC
Lewis lung cancer cells, grew spheroids on the 3P scaffolds.
In one experiment, LLC cells (5x10%) were cultured on
monolayer, naked and 3P scaffolds from day 1 to day 5. Cells
on monolayer and naked scaffolds did not form spheroids,
but cells on 3P scaffolds formed spheroids beginning at day
3 and progressively increased in size at day 5. Cells were
stained with calceinAM/EthD-1 for live (green) and dead
(red) cells to demonstrate multiple spheroids of live cells on
the 3P scaffolds (data not shown).

SEM analysis of the cells grown on the 3P scaffolds
showed initial intertwining of the fibers into and around the
spheroids that allowed for anchoring and stabilization (data
not shown). Scanning electron microscopy of spheroids was
performed as follows. LLC spheroids (cell count 5x10°)
were cultured on the scaffolds for 3 days. The scaffolds were
fixed in a 50:50 (v/v) solution of 2.5% glutaraldehyde in 0.2
M cocadalate buffer (pH 7.1) for 24 hours. The scaffolds
were washed in buffer then dehydration in 1% osmium
tetroxide in cocadylate buffer at 40° C. for one hour. The
scaffolds were washed in cocadalate buffer then further
dehydrated in an ascending series of ethanol at concentra-
tions 10%, 35%, 50%, 70%, 95% and 100% for ten minutes.
Final dehydration was done in hexamethyldisilazane
(HMDS) for 10 minutes. Samples were air dried then sputter
coated with gold at a density of 19.32/cm3 for 30 seconds
under argon gas. SEM of the scaffold was viewed on a Jeol
JSM 6490 scanning electron microscope. To calculate the
diameters of the spheroids, the entire scaffold was scanned



US 9,624,473 B2

13

for full planar images. All spheroids were measured for
diameter using Image J software.

Analysis of MCF-7 spheroids in particular revealed a
smooth surface, tight cell junction and indistinguishable
cellular boundaries. The spheroids appeared flattened on the
surface with intertwining fibers that form a spheroid/fiber
composite. Notably, cells proliferated on unmodified PLGA
scaffold and monolayer but did not form spheroids.

FIG. 4 shows the average size of LLC spheroids on 3P
scaffold (n=10) from day 2 to day 20 (FIG. 4A) and the
average number of spheroids per scaffold (FIG. 4B). Spher-
oids that grew on 3P scaffolds had an average size 5 mm?>
that were placed in 96 well plates. A confocal image of a 20
day spheroid showed the inner necrotic core surrounded by
a tight layer of proliferating cells (data not shown). The
parameters essential for spheroid formation depended on
cell type, concentration and time from initial seeding of the
cells. It was observed that the higher the concentrations of
cells, the faster the spheroids were formed with subsequent
increase in diameter and numbers over time and this was
observed for all cell types (FIG. 4). SEM of the spheroids
indicated tight aggregates of cells with cellular boundaries
that were indistinguishable at the periphery.

Focusing on LLC cells, it was observed that cells cultured
on the 3P scaffold formed spheroids of variable sizes. At
5x10® from day 2 to day 20, the average size were 48.3+/-
7.8 um to 945.44 nm+/-28.8, respectively and the average
spheroid number went from 20.49+/-2.01 to 52.76+/-3.86
(data not shown). The spheroids could be easily detached
and transferred to new wells or scaffolds for long term
culture.

Typically, tumor spheroids exhibit a spherical prolifera-
tive geometry defined by inward and outward diffusion
gradients. Beyond the diffusion capacity of oxygen and fresh
growth media, the innermost cells become quiescent and die
from apoptosis or necrosis. Such results were observed in
day 20 spheroids that had attained diameters above 500 pm.
The viability of the cells within the spheroids was assessed
using calcein AM/EthD-1 live/dead assay that stain dead
cells red and live cells green, and this assay demonstrated
that cells on the periphery appeared to encompass an inner
core of dead cells (data not shown).

Example 3

A Unique Combination of Topography and
Chemistry Allows Spheroid Formation

To explore the effects of topography and chemistry on
spheroid formation, LLC cells were cultured on PLGA, PLA
and PLGA/PEG, PLA/PEG, and PLGA/PLA/PEG coated
glass coverslips. It was observed that cells proliferated on all
of the substrates but only self-assembled to spheroids on the
PLGA/PLA/PEG coverslips. These spheroids however were
fewer and easily dissociated when the substrate separated
from the coverslip in day 3. Cells on the PLA/PEG construct
grew large disorganized aggregates of cells that lacked the
defined shape and structure observed in the 3P spheroids
(data not shown).

To further elucidate the effects of surface chemistry on
spheroid formation, the composite 3P/Chitosan scaffold was
constructed as described above (referred to herein as the
3PC or CMN scaffold). It was observed that cells prolifer-
ated but did not form spheroids (data not shown). Chitosan
was used because it is a naturally occurring polysaccharide
that imparts a positive charge at physiological pH and
increases hydrophilic properties of the scaffold.
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Formation and maintenance of spheroids on the 3P scaf-
folds support the observation that spheroid formation was
directed by topographical and chemical cues transferred
dynamically between the 3P ECM-like scaffold and the
cells. It was observed that spheroids transferred to a regular
tissue culture plate (TCP) coated for monolayer culture,
adhered to the plate and grew out from the spheroid. LL.C
cells gradually migrated away from the spheroid from day 1
to day 4 at 0, 0.67+/-0.1, 1.4+/-0.14, 2.1+/-0.29 mm,
respectively, and ultimately formed a confluent monolayer
(data not shown). Spheroids transferred to new scaffolds
maintained their morphology and shape over the same time
period. In addition to topography and chemistry, other cues
present in the 2D environment but absent in the 3P scaffold,
may play a role in instigating outward migration on the TCP,
for example, factors such as substrate density and elasticity,
difference in cell polarity and pressure gradients within the
spheroids reacting to unnatural constraints exerted by the 2D
environment.

Example 4
Spheroid Formation Induces EMT Signaling

Based on the finding that the 3P scaffold induced tumor
cells to form multicellular spheroids that resemble the
micrometastasis of avascular tumors, whether spheroid for-
mation on the scaffolds induced EMT in LLC lung cancer
cell line was examined. The results were then compared with
cells grown on PLGA scaffold and in monolayer culture. At
the molecular level, the epithelial-mesenchymal transition
(EMT) is defined by the loss of the cell-cell adhesion
molecules E-cadherin and the transcriptional induction of
mesenchymal marker vimentin.

To perform these studies, LLLC spheroids were cultured
for 4 days (seeding density 5x10°). Spheroids were fixed
with 4% paraformaldehyde for 20 minutes, permeabilized
with 0.1% Triton X-100 for 20 minutes at 25° C., and
blocked using 3% BSA. Cells were incubated overnight with
vimentin or E-cadherin Antibody followed by Alexa Fluor
555 or 488 conjugated anti-mouse secondary Ab and Dapi.
Cells were viewed using an Olympus BX51 microscope.

As shown in FIG. 5A, spheroids grown on the scaffold at
day 3 showed expression of vimentin while no vimentin
expression was observed in the monolayer culture or on cells
cultured on PLGA scaffold. Additionally, spheroids exhib-
ited a loss of E-Cadherin expression on the 3P scaffold,
while cells cultured on monolayer and PLGA scaffold retain
this expression (FIG. 5B). This suggests that spheroid for-
mation correlates with enhanced invasive potential and
tumorgenicity, characteristics that define EMT and that
appears to be manifested within the context of the 3P
environment. To determine the timeline of EMT induction,
LLC cells were cultured on the 3P scaffold and stained for
vimentin and E-cadherin from day 1 to day 4 culture. It was
observed that the onset of EMT occurred at day 3 and
continued into day 4 correlating with the self-assembly of
the cells into spheroids (data not shown).

Example 5

Pharmacological Intervention Abrogates Spheroid
Formation and Disrupts EMT Signaling

To examine the effects of known anti-tumor agents as
control modulators of EMT, MCF-7 and LLC cells were
treated with phosphatidyl inositol-3 kinase (PI3K) pathway
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inhibitor Ly294002 and the mitogen activated protein kinase
(MAPK) pathway inhibitor U0126. To determine if spheroid
formation can be inhibited by these drugs, MCF-7 cells were
treated after 24 hours of culture on the 3P scaffolds with
Ly294002 and U0126 and observed for spheroid formation
on day 4. All anti-tumor agents prevented spheroid forma-
tion and proliferation on 3P scaffolds (data not shown). In
addition, these compounds were efficient at down regulating
vimentin while maintaining E-cadherin expression in cells
similar to that observed with cells cultured on PLGA scaf-
fold alone and on the monolayer. To determine if treatment
by these agents would deregulate EMT in fully formed
spheroids, the same concentration of drugs were adminis-
tered to LL.C spheroids cultured at day 4. A lack of vimentin
expression and a concomitant expression of E-cadherin was
again observed suggesting EMT inhibition. As expected,
untreated spheroids were positive for EMT marker expres-
sion. These findings implicate both PI3K and the MAPK
signaling as significant pathways that contribute to cytoskel-
etal rearrangement and cell-cell adhesion, properties neces-
sary for spheroid formation and EMT expression on the 3P
scaffold.

Example 6
Drug Efficacy Analysis Using 3P Scaffold

To assess the ability of the 3P scaffold to monitor thera-
peutic efficacy to treat tumors, LLC spheroids were treated
with different concentrations of the PI3K pathway inhibitor
Ly294002 (1.0 uM, 0.1 pM, and 0.01 pM) and spheroid
viability was assessed over a time period of 24 hours to 96
hours. Measurements of spheroid size and numbers revealed
a dose dependent cytotoxic response in treated spheroids
compared to untreated spheroids. At 24 hours post treatment,
spheroids treated with [y294002 at a concentration of 1.0
uM, 0.1 uM or 0.01 uM demonstrated an average decrease
of 37.34/-8.4%, 22.0+/-10.9% and 17+/-12.5% in size,
respectively, compared to untreated spheroids.

At 48 hours post treatment, spheroid size decreased on
average 51.2+/-6.73%, 32.6+/-5.97% and 28.9+/-9.3%,
respectively, and at 96 hours post treatment, cells treated
with 0.01 uM decreased 63+/-5.9% while those treated with
1.0 uM, 0.1 uM of inhibitor appeared dead. Spheroid num-
bers decreased significantly from 37.4+/-3.8%, 26.8+/-
4.38% and 14.5+/-8.52%, respectively, at 24 hours post
treatment to 61.74+/-2.92%, 52.6+/-2.93% and 40.3+/-
2.44%, respectively, at 48 hours. Spheroids treated with 0.01
UM inhibitor decreased by 93.3+/-0.48% while spheroids
treated with 1.0 uM, 0.1 uM of inhibitor dissipated at 96
hours post treatment.

To further explore the utility of the 3P scaffold as a tool
to monitor chemotherapeutic prevention of EMT, MCF-7
breast cancer cells were treated with Doxorubicin and
Ly294002 and U0126 inhibitors to prevent spheroid forma-
tion and examined for a differential dose-dependent
response which was compared with response in monolayer
2D culture. As mentioned previously, treatment of MCF-7
spheroids with inhibitors abrogated spheroid formation and
on the 3P scaffold. The IC-50 of a drug is defined as the
median lethal dose of a drug to inhibit biological or bio-
chemical function. Successive viability measurements of
treated cells revealed significantly different cytotoxic
responses between cells on the 3P scaffold and on monolayer
culture. After 48 hours of drug induction, MCF-7 cell
viability was significantly lower and indicated a higher
sensitivity in 2D monolayer culture than cells cultured on
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the 3P scaffold. The IC-50 of doxorubicin on monolayer was
0.6 uM and on 3P scaffold was 12.0 uM. The IC-50 of
U0126 on the monolayer was 10.6 nm, whereas the 1C-50
U0126 on the 3P scaffold 105.9 nm. The IC-50 for
L'Y294002 for the monolayer was 0.13 uM, while it was 1.15
uM for the 3P scaffold (FIG. 6A-C).

It has been proposed that decreased sensitivity to anti-
cancer drugs in spheroid cultures may be attributed to
factors related to micro environmental mechanisms operat-
ing at the multicellular level as well as a function of the
synthetic in vitro 3D conditions. Since these factors may
limit drug penetration into the interior of the spheroid, the
intrinsic auto florescent ability of doxorubicin was utilized
to evaluate if diffusion limitations were a factor in drug
resistance. After incubating MCF-7 spheroids on the 3P
scaffold for 2 hours in the presence of 10 uM doxorubicin,
it was observed that the drug completely penetrated the
spheroid in 2 hours (data not shown) suggesting that drug
resistance in the 3P system cannot merely be explained by
effects on drug transport.

Example 7
Gene Expression Analysis

EMT is a key process that is implicated in tumor metas-
tasis, and potentially involves a global change in gene
expression. Since spheroid formation induced EMT on the
3P scaffold and not on PLGA or monolayer culture, gene
expression analysis was performed to determine the under-
lying molecular mechanisms involved. In this analysis, a
focused EMT microarray was used to test for expression of
84 genes encoding cell surface receptors, extracellular
matrix proteins, cytoskeletal proteins that mediate cell
migration, motility, and morphogenesis; proteins that con-
trol cell differentiation, development, growth and prolifera-
tion; as well as signal transduction and transcription factor
proteins that contribute to EMT and all its associated pro-
cesses.

Total RNA was isolated from LLC cells cultured on the 3P
scaffolds, PLGA scaffolds, and monolayers at 48 hours. A
one-fold expression was used to assess the differences
between LLC cells grown as spheroids on 3P versus PLGA
and 3P versus monolayer and presented them in the onto-
logical groupings described above. The number of genes up
regulated at 48 hours was higher than down regulated genes
from the same time period. Of the genes analyzed, 79% were
up regulated while 21% were down regulated for the 3P
versus monolayer while 60.6% were up regulated and 39.4%
were down regulated for the 3P versus PLGA. (FIGS. 7-12).

The levels of gene expression depended on the culture
conditions and biological classification. For example, there
appears to be greater fold differences in EMT differentiation
and developmental genes, between cells cultured on 3P
scaffold versus monolayer and cells cultured on 3P versus
PLGA as compared to differences observed in the other
groups of genes. Since EMT is a trans-differentiation pro-
gram, these results support the observation that the 2D
monolayer environment exerts less pressure on LLC cells to
undergo differentiation while combined cues from the 3P
scaffold coupled with the multicellular spheroid facilitate
EMT induction.

EMT involves multiple intracellular signal transduction
pathways that form highly interconnected networks. Here
the network pathways highlight the expected relationships
between differentially expressed genes. The transcriptional
repression of key epithelial markers such as E-cadherin
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(Cdhl), and up regulation of mesenchymal markers such as
vimentin (Vim) and fibronectin (Fnl) were observed. EMT
is a continuum whereby induction of genes appears to occur
24 hours prior to the expression of related proteins as
observed in 48 hours in the timeline experiment described
above. Up regulation of the TGF-f, Notch and WNT genes
was observed, which genes drive the three major pathways
that control EMT expression and are responsible for acti-
vating key mediators such as Stat3, Gsk3b, and transcription
factors Twist and Snail. Since there is a network of tran-
scriptional control regulators, other transcription factors
such as transcription factors 1 and 4 (TCF11 and TCF4) and
estrogen receptor]l (ESR1) would also be affected. Activa-
tion of these pathway genes further regulate the expression
of genes that play a role in extracellular matrix and cell
adhesion, integrin (Itgav) and metalloprotease (MMP9), and
genes involved in cytoskeletal remodeling such as keratin
(Krt7) and pleckstrin homology (Plek2).

Example 8
Characterization of 3PC Scaffolds

SEM showed that tumor cells maintained their basic
morphology when grown on the electrospun 3PC scaffolds.
Further, a Ki-67 assay and a viability assay showed that
tumor cells proliferate and remain viable when grown on the
3PC scaffolds (for up to three days). Tumor cells grown on
3PC scaffolds were less sensitive to doxorubicin compared
to cells grown on monolayer, suggesting that results from 2D
studies cannot be relied upon. It was also determined that
PLGA naked scaffolds are biocompatible and show
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increased tumorigenesis potential. From these observations,
one can conclude that these 3D matrices can be used as a
model to study cancer.

The invention claimed is:

1. A three-dimensional scaffold composition consisting of
a three-dimensional scaffold of randomly oriented nanofi-
bers, wherein the fibers consist of polyethylene glycol-
polylactic acid block copolymer (PEG-PLA) and poly(lac-
tic-co-glycolic acid) (PLGA), wherein ratio of PEG-PLA to
PLGA is approximately 1:4 with fiber diameter ranges from
approximately 0.69 to 4.18 micrometers and with pores
having a diameter of less than approximately 10 microm-
eters, and a spheroid comprising a homogenous population
of cancer cells generated from an isolated cancer cell from
a tumor or a cultured cancer cell line.

2. The composition of claim 1, wherein the PEG has a
molecular weight of approximately 2 kDa.

3. The composition of claim 1, wherein the PLGA has a
lactic acid: glycolic acid ratio of approximately 85:15.

4. The composition of claim 1, wherein the PEG has a
molecular weight of approximately 2 kDa, and wherein the
PLGA has a lactic acid:glycolic acid ratio of approximately
85:15.

5. The composition of claim 1, wherein the three-dimen-
sional scaffold has a chitosan coating.

6. The composition of claim 1, wherein the cultured
cancer cell line is selected from the group consisting of:
MCEF-7 cells, MDA-MB cells, MCF-10A breast cancer cells,
PC3 prostate cancer cells, B16 melanoma cells, BG-1 ovar-
ian cells, and LL.C Lewis lung cancer cells.
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